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Introduction
Ultrasonic spectroscopy, coupled with an appropriate algorithm to determine particle characteristics in suspension, has the potential to become the modality of choice for process monitoring in next-generation nanofluid and colloidal processes. Many such complex fluids are optically opaque, precluding the use of optical analysis techniques without sample modification such as dilution. Industrially, for example, it is impractical to analyse a slurry using photon correlation spectroscopy since the particle suspension has to be diluted to very low concentration in order for the size distributions of the suspended medium to be determined. Ultrasonic techniques have been investigated by ultrasound, including monitoring particle size reduction for process intensification (Ruscitti et al., 2008) , aggregation in petroleum (Abbott and Povey, 2012) , emulsion polymerisation (Pawelzyk et al., 2013) and monitoring of concentrated slurries (Stolojanu and Prakash, 2001 ). Henning and Rautenberg (2006) reviewed ultrasonic process monitoring systems in 2006. The range of these applications illustrates the ubiquity of suspensions of micro or nano-particles in processing applications in a broad range of industries including pharmaceutical (McClements and McClements, 2016) , agrochemical (Boyd and Varley, 2001) , food (McClements and McClements, 2016; Awad et al., 2012; Chandrapala, 2015; McClements and Gunasekaran, 1997) , petrochemical and others where there is a need for reliable and accurate monitoring techniques to guarantee quality and consistency (Hauptmann et al., 2002) . Whilst well-established in the colloidal size range and up to limited particle concentrations, ultrasonic spectroscopy has faced challenges in the nano size range and at higher particle concentrations (slurries) (Challis et al., 2005 (Challis et al., , 2009 Hipp et al., 2002) . These are challenges both of accurate analysis using computationally efficient ultrasonic scattering models and of measurement in highly attenuating concentrated samples (Scott, 2003) . We continue to make progress against these challenges here by experimental validation of a new multiple scattering model using two types of ultrasonic spectrometer.
We present comparison of experimental ultrasonic spectra with model predictions for four sizes of silica particles in aqueous suspension. We use a new multiple scattering model inclusive of shear wave reconversion (i.e. conversion of compressional wave to shear wave and back to compressional wave at the interface between a particle and the fluid) and show its necessity for small particles and concentrated samples. We also validate the results obtained with two spectrometers: a legacy Malvern Ultrasizer, and new spectrometer (Digusonic DSX, Challis and Ivchenko, 2011; Phang et al., 2008) designed for in-line monitoring of highly attenuating samples over a frequency range of 1-20 MHz. The developments reported here are key elements in the extension of ultrasonic spectroscopy to the nano-particle size range and to highly concentrated systems, permitting the technique to deliver its potential for particle characterisation and process monitoring in these significant regimes.
Multiple scattering model with shear wave reconversion
Our objective is to show that the inclusion of shear-wave reconversion phenomena in the modelling of suspensions of solid particles in ultrasonic fields is necessary and becomes non-negligible as particle size decreases and concentration levels increase. The mathematical details of a new model of multiple scattering that includes both thermal and viscous effects was given in 2012 by Luppé/Conoir/Norris (LCN) (Luppé et al., 2012) , from which we outline a reduced form that allows efficient computation of the ultrasonic attenuation Forrester et al., 2016) . From an effective wavenumber the attenuation and speed of sound through a sample can be found (Challis et al., 2005) . We define the effective wavenumber as a sum of three parts: that without shear waves, based on the formulation of Lloyd and Berry (LB) (Lloyd and Berry, 1967) plus two extra terms due to the shear-mode reconversion (second and third order terms in concentration, respectively). The shear reconversion model (SM) is valid in the long wavelength regime whereby the compressional wavelength is much larger than the particle radius. The effective wavenumber takes the form below (Forrester et al., 2016) ,
( 1) where the second order term is given by
and the third order term is
In the above is the volume fraction; b is the radius of the excluded volume (twice the particle radius, r); k C and k S are the fluid compressional and shear wavenumbers, respectively; h n and j n are spherical Hankel and Bessel functions; and T 1 are transition factors (scattering coefficients) of partial wave order 1 representing different mode conversions, e.g. CC -compressional to compressional, CS compressional to shear, etc. The transition factors are (Forrester et al., 2016 )
where
The density ratio of the solid phase ( ) divided by that of the fluid ( ) has a strong influence on the system: ˆ = / . The imaginary part of the effective wavenumber, K eff , allows us to find the attenuation and we compare the results to the experimental values found for four sizes of spherical silica in aqueous media at different concentrations. A full derivation will be provided elsewhere. These equations are entirely driven by frequency, particle size, concentration, density, speed of sound, and viscosity and constitute the shear-mode reconversion model (SM). We extend the analysis over a greater frequency range than we have previously investigated with the current model (Forrester et al., 2016) . The values of the densities and particle sizes are found experimentally, as described below, whereas the other physical parameters used in the modelling are to be found in the work of Challis et al as they are standard values given for silica (Challis et al., 2005) .
Sample preparation and characterisation
During preparation powdered silica was mixed with deionised water (Millipore-Q) in 100 ml batches, slowly stirring it in by hand to produce the initial suspension. Thereafter, each sample was kept moving at all times using magnetic stirring or an orbital shaker, before being subjected to high intensity ultrasound. The sonication was carried out with a Branson Digital Sonifier 450 at 20 kHz, with adjustable output power between 4 and 400 W. Each sample was sonicated in a beaker at an intensity of 30-60% in amplitude for a total time of approximately 30 min at room temperature. Particle size distributions were measured using photon correlation spectroscopy (Beckman Coulter Delsa Nano). Highly monodispersed samples have a polydispersity index PI ≤ 0.1, with moderate monodispersity occurring for samples with 0.1 ≤ PI ≤ 0.2. The problem with this technique of course is that the samples have to be further diluted for dynamic light scattering and cannot give an entirely satisfactory measure that can be correlated to the higher concentration of the original samples. Nevertheless, we determined the D 50 sizes to be 100 nm (PI = 0.06), 214 nm (PI = 0.06), 430 nm (PI = 0.02), and 1000 nm (PI < 0.11) and therefore the samples were highly monodispersed or moderately monodispersed (for modelling purposes, the samples were treated as being monodispersed, i.e. PI = 0, and the D 50 values used) (Forrester et al., 2016) . The 100 ml batches of the same size and concentration were combined to produce 500 ml samples -the volume required for the cell of the Ultrasizer ultrasonic spectrometer.
Further analysis of the 100 nm samples was carried out with light scattering and Brownian motion with a Malvern Nanosight LM10. Using this method the samples' D 50 size was found to be 103 ± 1 nm. Images of the particles were obtained using high resolution field emission gun scanning electron microscopy (SEM) -a Carl Zeiss 1530 VP system. The SEM analysis with wavelength dispersive X-ray spectrometry confirmed the purity of the samples. The SEM images confirmed visually that the samples were highly monodisperse, and the particle diameter was checked using the SEM image processing software. Again, there are limitations to the technique -such as only being able to scan a small percentage of the particles -but using a combination of tools to determine the particle sizes provides some degree of verification (see Fig. 1 for example SEM and light scattering images) between sizing techniques. Particle size distribution was measured repeatedly during preparation and no aggregation was detected. To ensure that the samples did not have time to settle, all samples were kept in motion through stirring prior to the acoustical experiments. The volume fraction of each sample was determined by gravimetric analysis after the acoustic spectroscopy measurements. 25 ml of sample was separated by centrifugation, the supernatant was removed, and the silica dried overnight in a Technico vacuum Dryer.
The densities of each silica were obtained using a helium pycnometer (Micromeritics Multivolume Pycnometer 1305, with absolute density accuracy: ±0.1 to 0.2%). The silica samples in powder form were found to have densities of 2280 kg m −3 , 1980 kg m −3 , 1986 kg m −3 , and 2041 kg m −3 for the 100 nm, 214 nm, 430 nm, and 1000 nm sizes, respectively.
Ultrasonic spectroscopy
Ultrasonic spectroscopy was carried out using two types of spectrometer: firstly, the Malvern Ultrasizer MSV with a 1-150 MHz range and secondly the Digusonic DSX spectrometer with a range of 0.125-40 MHz. The Malvern Ultrasizer MSV is a pseudo-continuous wave instrument providing high quality measurement in a laboratory setting, requiring a sample volume of 500 ml. Two pairs of transducers are used, with automated adjustment of the separation of the receivers and transmitters in order to achieve optimal signal to noise ratios across the frequency range of the instrument. The spectral quality is advised to be ≤5 to indicate good signal:noise ratio (Inam and Frances, 2010) and in these measurements was always <2.5. The sample's homogeneity was maintained using an agitator with variable speed control throughout the experiments and the sample temperature was held at
The Digusonic DSX is a relatively new form of ultrasonic spectrometer with technology based on the use of pseudorandom binary sequences together with cross-correlation to obtain the attenuation spectrum (Challis and Ivchenko, 2011; Phang et al., 2008) . The system is designed for use over a wide dynamic range, enabling spectroscopy to be carried out in highly attenuating samples such as concentrated slurries, and with relatively long path lengths such as across a pipe. It also operates at a low voltage level, offering inherent safety for industrial situations. The spectrometer was connected to pairs of Panametrics immersion transducers (V309, V311, V319) with 0.5 diameter and centre frequencies 5, 10 and 15 MHz respectively. These transducers were mounted in a cylindrical acrylic sample cell with a sample volume of around 50 ml. Samples were stirred continuously using a magnetic stirrer and the temperature was monitored to be at 23 ± 2 • C. The system was calibrated using de-ionised water (Bilaniuk and Wong, 1993; Bilaniuk et al., 1996; del Grosso and Mader, 1972) . The calibration with deionised water accounts for the energy loss due to impedance mismatch between transducer and water, and diffraction effects. The energy loss is adjusted for the sample by comparison of the acoustic impedance in the sample and water. Diffraction is assumed to be the same in water and the sample. Hence the received signal is compared with that in water in order to isolate the attenuation occurring in the sample itself. The DSX uses a clock frequency and sequence length setting; here the clock frequency was set to 10 MHz for the 5 MHz transducers, and 20 MHz for the 10 and 15 MHz transducers. The sequence length was 262,144 (i.e. 2 18 ). The DSX can be used with a fixed path (e.g. across a pipe) and the adjustable sequence length allows it to cope with different materials.
Coupled with the new shear-wave multiple scattering theory, the ultrasonic monitoring technique is reaching a maturity for widespread adoption. In Fig. 2 one can see how similar the laboratory cell used for testing is to the principle of monitoring flow through a pipe. In the experiments the cell has two pairs of transducers of certain centre frequencies, as could be fitted into the design of a pipeline, and is monitored using a computer system, e.g. a laptop, with the monitoring software installed. The experiments performed for validation of the technique are possibly transferable into an industrial context.
Results and discussion
We compare experimental measurements of attenuation spectra with predictions made with the new multiple scattering model for suspensions of four sizes of silica particle. In addition, the spectra obtained from the two ultrasonic spectrometers are compared. We will begin the analysis by describing larger particles and move towards the nanoscale, where the shear-wave reconversion becomes dominant and cannot be omitted.
Silica of 1 m diameter
Throughout we will make comparison of the model to the experimental attenuation spectra in the frequency range 1-100 MHz, with and without shear-wave effects (shear-mode, SM, and Lloyd & Berry, LB, respectively). In each plot presented, black crosses represent the Ultrasizer experimental data, red dots the SM model, and green dashed lines the LB model. The silica of 1 m diameter was found to exhibit a small degree of shear-wave reconversion at the concentrations examined. In Fig. 3 , one can see that little difference between the SM and LB models occurs, with very good comparison to the experimental results occurring up until 20% concentration (all model and experimental values are by volume percent). However, to demonstrate the breakdown of the model above 20%, we show plots at 29.7% and 39.4%, where both models underestimate the attenuation at the upper frequencies and over estimate them at the lower ones. The SM model does maintain a closer alignment with the experimental results at low frequencies up until a cross-over point where the LB model is marginally better, at concentrations greater than 20%. Whilst earlier work focused on frequencies up to 20 MHz (Forrester et al., 2016) , indications from use of higher frequencies are that the SM model will ultimately produce an over-curvature of the attenuation-frequency curves in comparison to experimental findings with the Ultrasizer spectrometer as particle size decreases towards the nanoscale. However, satisfactory results are obtained with both models over the full frequency range 1-100 MHz with 1 m diameter particles below 20%.
Silica of 430 nm diameter
We now present the data for 430 nm silica in water suspensions in Fig. 4 , where one can clearly see that the SM and LB models contrast becomes more apparent as concentration increases (as occurs for the 1000 nm case to a lesser extent). At 10% the two models compare well to the experimental values, whereas at 16.2% the SM model offers a small improvement over the LB one up until near 20 MHz. After this frequency the LB model fits the experimental values closer, with less curvature in the attenuation-frequency spectra than with the shear-effects included. At higher concentrations, e.g. see Fig. 4 (25.9%), the SM model maintains its superiority up until nearly 45 MHz, at which moment the LB model begins to match the Ultrasizer spectra marginally better. At the very low frequencies, i.e. below 5 MHz, at 25.9% the model deviates from the Ultrasizer data: one possible correction to the model to account for this would be to include higher order terms (beyond third order) in Eq. (1), but these terms have not been found yet. However, it is now clearer, after looking at these two particle sizes (430 nm and 1000 nm), that it is safe to use frequencies up to 20 MHz with the SM model in its present form (see Eqs (1)- (7)). 
Silica of 214 nm
Further to the preceding arguments, we now investigate silica of 214 nm diameter (Fig. 5) . It suffices to simply show the result at 19.5% concentration, where the previous statements are corroborated. For samples with concentrations up to this level, one can state that the SM model will match experimental data up until 45 MHz, as was the case for 430 nm particles. Note, that at the higher frequencies the attenuation found using the SM model is lower than that found experimentally. The high linearity of the attenuation with respect to frequency obtained using the LB model for this particle size, dictates that it overshoots the true attenuation until higher frequencies.
Silica of 100 nm diameter
With silica particles of reduced dimensions, approaching the nanoscale, the SM model offers a marked improvement to the LB one that operates without shear-effects. Below ≈10% the LB model over-predicts the attenuation for 100 nm particles, whereas the SM model provides a good comparison to the spectrometer results. This can be seen in the lefthand side plots of Fig. 6 , for 6.7% concentration. As one increases the concentration of 100 nm particles, the LB model results increasingly show departure from the experimental data across the 1-100 MHz frequency regime. This can be seen clearly in the right-hand side plots of Fig. 6 , with concentration 16.35%. With increasing concentration, the SM model also results in elevated attenuations with respect to the experimental results. However, in Fig. 7 , we show an example of the calculation of the absolute value of the difference between the experimental and the LB and SM model attenuations (green dashed curve and red dotted curve, respectively). In this context one can see the departure of the models from the experimentally established values (which were found to have negligible standard deviation). The LB model cannot match the data over any frequency range for 100 nm particles. The SM model can be used with reasonable confidence up to ≈ 20 MHz at concentrations <25% (also confirmed in Forrester et al., 2016 , where this was the upper limit investigated), beyond which it also provides an over-calculation of the attenuation values. Whereas at 214 nm size, the model underestimated attenuation at higher frequencies, here, for 100 nm size, the model overestimates attenuation. This effect appears to relate to the value of k S r in each case: the model overestimates for k S r ≤ 1 and underestimates for k S r ≥ 1. This suggests that the SM model does not accurately predict the position of the peak in the attenuation/frequency ratio as a function of k S r (see Forrester et al., 2016) and therefore requires further adjustment to achieve improved accuracy.
Comparison of ultrasonic spectrometry techniques
The data obtained from analysis of the colloidal suspensions using the Malvern Ultrasizer MSV and the Digusonic DSX are now compared. In recent work we demonstrated the excellent agreement between the two systems over the lower frequency regime 1-20 MHz (Forrester et al., 2016) . Here we show the comparison at two extremes of particle diameter: 100 nm and 1000 nm, for illustrative purposes. In Fig. 8 the whole spectrum up to 100 MHz is shown on the left (Ultrasizer and multiple-scattering model attenuations), while the right-hand side plots are a closer examination in the frequency ranges up to 20 MHz (operational bandwidth of the DSX). The 100 nm silica is at 9.6% in water in this example and the 1000 nm sample is at 20.3%. One observes good agreement for both sizes of the suspended silica, as is also true for intermediate particle diameters and various concentrations. This offers another reassurance that agglomeration is not occurring in the samples because the attenuation spectra are similar from both spectrometers (e.g. Takeda and Goetz demonstrated the large differences in attenuation spectra that are found between bimodal and log-normal distributions of particles Takeda and Goetz, 1998) . 
Conclusions
This analysis shows that the model including shear effects is very successful at the lower frequencies and, for process monitoring in industry, could be reliably used in the frequency range 1-20 MHz, with concentrations up to a limit of 20%. We truncate the range of the frequency for an industrial use to enhance reliability. At higher frequencies the shear-wave reconversion model overestimates attenuation for some particle sizes (e.g. 100 nm, Fig. 6 ) and underestimates attenuation for others (e.g. 214 nm, Fig. 5 ) according to the k S r value relative to the peak in attenuation/frequency (around k S r ≈ 1). When the particles sizes are approaching the nanoscale (100 nm) the LB model cannot be used in any frequency regime because of strong shear effects that it does not include. At the low frequencies, the SM model offers a significant improvement over those neglecting shear-wave effects. With solid particles in a suspension, thermal effects are very small and so are neglected in the models. Particle density and suspending phase viscosity are the most important parameters, with visco-inertial phenomena dominant in the solid particle suspensions (Al-Lashi and Challis, 2014) . Work is under way to find higher order terms in the SM model that may correct the attenuation at higher frequencies.
The simplicity of the current model makes it very efficient computationally, making it implementable for monitoring basic suspensions. With further improvements to it, it is expected that the concentration threshold will increase. However, the current model represents a significant enhancement to previous multiple-scattering models that do not include shear-wave phenomena.
Here we have shown that the proposed model reliably predicts ultrasonic attenuation spectra within specified ranges of frequency and concentration. The model can therefore be used to determine particle size distribution, concentration or particle properties. The effect of uncertainties in material properties (such as density), and of model inaccuracy on particle size determination have previously been demonstrated and explored (Al-Lashi and Challis, 2014; Forrester and Pinfield, 2015; Hipp et al., 1999 ). An improvement in the model such as that provided here greatly increases the potential for particle size distribution determination using ultrasound spectroscopy. As yet, however, the inverse problem (as described in Babick et al., 2000) for determination of particle size distribution has not been implemented using the new model.
We also investigated the lower frequency range using a Digusonic DSX system. That work was limited to use of transducers with 5, 10, 15 MHz nominal centre frequencies, but found excellent agreement with the Ultrasizer results and SM theory (with frequencies up to 20 MHz). A combination of a modern ultrasonic spectrometer system and the current SM model, offers great potential to characterise slurries not just on production lines but in a range of situations where transducers can be attached to a pipeline. Indeed, monitoring systems that make use of ultrasonics are essential to ensure efficient transfer of slurries, safely and with a continual flow without blockage. Ultrasonic attenuation spectroscopy gives a real time capability, with sensitivity that allows operators a means to maintain control limits, and time to prevent any adverse flow conditions.
